In wild-type worms, many ventral cord motor neurons mutations cause fully penetrant but variable axon guidance defects. Mutations in unc-5 and unc-6, but send dorsally directed circumferential axons to connect the dorsal and ventral nerve processes. The growth not in unc-40, dominantly enhance the mutant phenotypes of max-1, whereas overexpression of unc-5 or cones of these axons are repelled by a ventrally derived UNC-6/netrin source (Wadsworth et al., 1996) , and the unc-6, but not of unc-40, bypasses the requirement for max-1. MAX-1 proteins contain PH, MyTH4, and UNC-5 receptor is absolutely required for this repulsion (Leung-Hagesteijn et al., 1992). Ectopic expression of FERM domains and appear to be localized to neuronal processes. Human MAX-1 and UNC5H2 colocalize in UNC-5 in the touch neurons, which normally grow longitudinally or ventrally, causes these neurons to project discrete subcellular regions of transfected cells. Our results suggest a possible role for MAX-1 in netrinaxons dorsally (Hamelin et al., 1993) . Mutations in unc-6, unc-40, and other genes, including unc-34 and unc-129, induced axon repulsion by modulating the UNC-5 receptor signaling pathway.
can suppress this phenotype (Colavita and Culotti, 1998), consistent with an involvement in UNC-5-mediated axon repulsion or a pathway that functions in paralIntroduction lel to UNC-5. unc-34 is a C. elegans Enabled (Ena) homolog (G. Garriga, personal communication). Ena regulates From the nematode C. elegans to higher vertebrates, growth cones navigate in the developing nervous syscytoskeletal dynamics (Gertler et al., 1996) and functions as a downstream effector of the Robo receptor and the tem by sensing guidance cues, many of which are evolutionarily conserved (Tessier-Lavigne and Goodman, Dlar receptor tyrosine phosphatase during motor axon guidance in Drosophila (Bashaw et al., 2000; Wills et al., 1996) . Examples of such guidance cues include members of the netrin, Slit, ephrin, and semaphorin families 1999). The TGF-␤ family protein, UNC-129, is produced by the dorsal muscles and has been postulated to modu-(Chisholm and Tessier-Lavigne, 1999). Many receptors for these guidance cues are also highly conserved both late UNC-5 or to act in a parallel guidance pathway to in sequence and function, including members of the UNC-6/netrin (Colavita et al., 1998). DCC and UNC5 families as attractive and repulsive reIn search of other molecules involved in UNC-6/netrinceptors for netrins, Robo family members as receptors mediated axon guidance signaling, we performed two for Slit proteins, and Eph receptors for ephrins.
screens for C. elegans mutants with abnormal motor The emerging theme is that many and perhaps most neuron axon projections. We report here the phenotypic guidance cues are bifunctional (Chisholm and bifurcates to extend one branch circumferentially toward the dorsal cord and another along the ventral cord VD, and AS) extend circumferentially projecting axon processes (illustrated in Figure 1A ) (White et al., 1986) . (White et al., 1986) . Upon reaching the dorsal cord, the D neuron process bifurcates again, with one branch The axon trajectory of the type D GABAergic neurons, including six DD and 13 VD neurons, can be visualized projecting anteriorly and the other posteriorly until they contact the nerve processes of the neighboring D neuusing a Punc-25-GFP marker (genotype juIs76) ( Figures  1C and 1E) (Jin et al., 1999) , and the axons of the cholinrons of the same class. Seventeen of the 19 type D neuron circumferential processes run on the right side ergic DA and DB neurons can be visualized using a Punc-129-GFP marker (genotype evIs82B) ( Figure 1K ) of worm body ( Figure 1C) We isolated one allele of max-1 (cy1) in the DA/DB screen, one (ju39) in the screen for abnormal synapses, we isolated 32 mutations (Table 1) . Among them are partial loss-of-function mutations in unc-5, unc-6, and and three (ju142, ju143, ju144) in the DD/VD screen. An additional allele, zd35, was isolated in a screen for axounc-40. The largest group of mutations comprises alleles of unc-71, of which only one allele was previously nal defects of the PVQ neuron (S. Clark, personal communication). max-1 animals move forward well but are isolated in screens for uncoordinated movement (Brenner, 1974). In addition, we found two alleles of mab-9, subtly uncoordinated in backward movements. All max-1 mutations are recessive and display fully penetrant but a T box protein that regulates posterior hindgut cell differentiation (Woollard and Hodgkin, 2000) . mab-9 muvariable degrees of axonal guidance defects ( Figures  1A and 1B) . The circumferential processes of the type tants show subtle movement defects, and a neuronal defect was suspected (Chisholm and Hodgkin, 1989) . D neurons (viewed with Punc-25-GFP) often fail to reach the dorsal cord, either stopping prematurely or wandering Second, we (H.-J.C. and M.T.-L.) initiated a systematic approach to identifying novel genes involved in motor laterally, and sometimes extending additional branches ( Figures 1C-1G) . We quantified the max-1 phenotype axon guidance by focusing on mutants that affect DA and DB motor neuron guidance, as visualized with Puncby scoring the number of abnormal circumferential processes within a mutant animal. On average, 20% of the 129-GFP. The idea behind the screen was that prior genetic screens for defective motor axon guidance mu-D neuron circumferential processes did not reach the dorsal cord in max-1 mutants (n ϭ 74, range: 6%-41%) tants have focused on the analysis of uncoordinated mutants, which have severe motor axon guidance de-( Figure 4A ). The position of the defective D neurons is random among individual max-1 animals. The severity fects; this approach has successfully led to the identification of unc-5, unc-6, and unc-40 (Hedgecock et al., of the phenotypes for all six alleles appeared comparable, and the phenotypes of homozygous ju39 and ju142 1990). We reasoned, however, that incomplete disruption of motor neuron axon guidance might not necessaranimals were also comparable to those of max-1 heterozygotes over deficiency (data not shown), suggesting ily result in a dramatic movement defect and that we might be able to obtain additional mutants by picking that they are likely null alleles. Within the nerve cords, max-1 mutant animals also showed axon extension and worms that had relatively normal movement and examining axon morphology using a GFP reporter. In a pilot fasciculation defects. For example, some longitudinal axons did not extend fully to connect to the processes screen from 2000 haploid genomes, we obtained two mutants (cy1 and cy2; gaps in max-1(ju39) animals; n ϭ 25, range: 1-5). To verify that the presence of the GFP transgene did not From mapping data and complementation tests, our two groups realized that ju39 and cy1 are alleles of the affect the mutant phenotype, we used anti-GABA antibodies to examine these neurons in max-1 mutants that same gene, max-1 (see below). The preliminary analysis of the other mutants from these screens defined six loci, lack the GFP transgene. We observed axonal abnormali- and frame shift analyses confirmed that the ORF C34B4.1 contained max-1-rescuing activity (data not quency of the defect varying for each axon. For example, while almost no defects were seen in the DA3 (0%, n ϭ shown). However, complete rescue of max-1 required a 1.1 kb upstream DNA sequence that is not included 91) and DB4 (1%, n ϭ 91) axons, defects were frequently observed for axons from DB5 (14%, n ϭ 90; Figure 1L ), in C34B4. By RT-PCR and 5ЈRACE, we found that the max-1 locus encodes two transcripts produced from DA5 (11%, n ϭ 89), and DB7 (39%, n ϭ 149). On average, 11% of DA and 40% of DB neurons (n ϭ 161) in max-1(cy1) two promoters (see Experimental Procedures). The max-1 long form is led by an SL1 trans-splice leader animals displayed circumferential guidance defects. The touch neuron and several chemosensory neuron sequence, and the max-1 short form starts within the second exon of the long form ( To understand how max-1 mutations affect the function of the protein, we determined the molecular lesions of all six max-1 alleles ( Figure 2B ). ju39 is a 28 nucleotide deletion within the second exon, and ju142 is an 81 nucleotide deletion at the exon/intron boundary in the fourth exon. Both mutations would create frame shifts after amino acid 58 and 148, respectively, and lead to premature stops. ju143 changes Arg240 to an opal stop codon. zd35 changes Trp698 to an amber stop codon in the MyTH4 domain. cy1 and ju144 are both nonsense mutations in the FERM domain at Gln803 and Gln930, respectively. All six mutations affect both the long and short isoforms of MAX-1, and the lesions are consistent vae ( Figures 3B and 3C ). In adult, the DA, DB, DD, VD, and AS ventral cord neurons, all of which extend circumferential processes, expressed Pmax-1GFP, but the VA To determine where max-1 function is required, we and VB neurons that do not have dorsally guided properformed two experiments. First, from the max-1-rescesses did not express Pmax-1GFP. Pmax-1-GFP was cuing genomic clone, we deleted 6.3 kb of the first intron, also expressed in ALN, SAB, BDU, AVM, and SDQ and which contains the muscle expression promoter, and some unidentified neurons in the head and tail ganglia found that the shortened genomic clone was able to ( Figure 3D and data not shown) . Since the two max-1 fully rescue the axon guidance defects of the type D transcripts are separated by a large intron, we susneurons in max-1 mutants (Figure 2A) . Second, we spepected that this intron might contain a promoter for the cifically expressed MAX-1 in the DD and VD neurons max-1 short isoform. Indeed, the 6.5 kb intron was able using the unc-25 promoter. This expression also fully to drive GFP expression in almost all ventral cord motor neurons and body wall muscles (data not shown).
rescued the axon guidance defects of DD and VD neu- the ventral half of the animal. In unc-5(null) mutants, phenotype. A null allele of unc-40, e1430, exhibited 40% axon defects, but max-1(ju39); unc-40(e1430) double about 27% of the axons grew out of the ventral cord, and their growth cones were usually stalled within the mutants showed more than 90% axon defects ( Figure  4A ). Similarly, unc-129(ev557) alone had 50% axon deventral half of the animal. In unc-5(null); max-1(null) double mutants, only 12% of the axons grew out of the fects, but unc-129(ev557); max-1(ju39) double mutants exhibited more than 90% axon defects ( Figure 4A ). ventral cord, and all were stalled within the ventral half of the animal. Weak mutations of unc-5 and unc-6 caused a These synergistic interactions of max-1 with unc-40(null) and unc-129(null) are consistent with the idea that max-1 low percentage of axon guidance defects, but they synergized with max-1 ( Figure 4A ). For example, unc-5(ju181) acts in parallel to unc-40 and unc-129. We also performed double mutant analysis between max-1 and uncalone caused 21% axon defects, but unc-5(ju181); max-1(ju39) double mutants showed 90% axon defects. Simi-34. unc-34(e566), a likely genetic null mutation (Bloom, 1993), caused 37% axon defects, whereas unc-34(e566); larly, unc-6(ju152) alone caused 15% axon defects, but unc-6(ju152); max-1(ju39) animals displayed more than max-1(ju39) double mutants displayed 85% axon defects ( Figure 4A) . As a comparison, we made unc-90% axon defects ( Figure 4A ). Thus, unc-5(null) and unc-6(null) are overall epistatic to max-1(null), and max-40(e1430); unc-34(e566) double mutants. The axon guidance defects of the D neurons were much more severe 1(null) attenuates unc-5 and unc-6 signaling. These observations suggest that max-1 likely acts downstream than those of each single mutant ( Figure 4A ), but still weaker than unc-5(null). Although the interactions beof, or in parallel to, unc-5 and unc-6 signaling.
Null mutants of unc-40 and unc-129 have partial axon tween unc-34 and max-1 or between unc-40 and unc-34 may imply that they all function in parallel, the interpretaguidance defects (Colavita and Culotti, 1998; Hedgecock et al., 1990; and Figure 4A ) and enhance the max-1(null) tion is complicated by the fact that unc-34 is involved in multiple processes during early development, including function effect of max-1(ϩ) was completely suppressed by simultaneous overexpression of unc-5(ϩ) or unc-6(ϩ) cell migration and axon outgrowth (McIntire et al., 1992; Forrester and Garriga, 1997; Colavita and Culotti, 1998).
( Figure 4C ). In contrast, overexpression of unc-40(ϩ) or the plasmid vector did not suppress the gain-of-function effect of max-1 ( Figure 4C ). These data show that a Mutations in unc-5 and unc-6, but Not in unc-40, balanced interaction between unc-5, unc-6, and max-1 Act as Dominant Enhancers of max-1 is required for proper axon guidance of motor neurons. In the process of making the double mutants, we observed that reducing the dosage of unc-5(ϩ) significantly enhanced the max-1 phenotype (Figures 4B and The Gain-Of-Function Effect of max-1 Is Mediated 5A). Reducing unc-5(ϩ) dosage by half using a null allele, by the FERM Domain e53, increased the axon guidance defects of max-1(ju39)
To investigate which domains of MAX-1 might be imporanimals from 20% to 50%. A weak allele of unc-5, ju181, tant for the gain-of-function effect, we generated several also dominantly enhanced max-1 axon defects from deletion and replacement constructs of max-1 ( Figure  20% to 37%. In contrast, the unc-40 null mutation did 5B). We made transgenic animals that overexpressed not show such an effect. Both unc-129(null) and unceach of these constructs in wild-type animals and 34(null) mutations showed moderately dominant enscored the axonal morphology of the D neurons. All hancement of the max-1 phenotype ( Figure 4B) . The constructs in which the FERM domain was intact caused dosage effect of unc-5 suggests that MAX-1 is likely axon defects ( Figure 5B ). All constructs that lacked the involved in the UNC-5-mediated axon repulsion pathway FERM domain and that were expressed, as judged by to transduce the UNC-6 signal. If this were true, reducing the GFP tag, did not cause axon defects ( Figure 5B ). the dosage of unc-6(ϩ) should also enhance the max-1
Moreover, the gain-of-function effects caused by the phenotype. We found that unc-6(ev400), a null allele, constructs containing only the MyTH4 and FERM dodominantly enhanced max-1(ju39) axon defects from mains were also suppressed by cooverexpression of 21% to 50%, and unc-6(ju152), a weak mutation, domiunc-5 (data not shown). These results, together with the nantly enhanced max-1 defects from 21% to 36% (Figobservation that 
-L., unpublished data).
We found that in the cotransfected COS cells, UNC5H2 and hMAX-1 colocalized in many areas, especially in the induced cellular processes (Figures 7A-7C ). This colocalization was specific to the UNC5 homolog, because two other axon guidance receptors, DCC and Robo-1, did not show colocalization with hMAX-1 when coexpressed in COS cells (Figures 7D and 7E ).
MAX-1 and UNC-5 Do Not Exhibit Strong Physical Interactions
The dosage-sensitive interactions between max-1 and shown). Second, we examined whether human MAX-1 and UNC5H2 could form a complex by immunoprecipitation. The two proteins were transiently coexpressed in Discussion COS cells, but when UNC5H2 was precipitated using standard conditions (Hong et al., 1999) , no MAX-1 proGrowth cones encounter numerous guidance cues during their navigation. The direction of growth cone migratein was coimmunoprecipitated (data not shown). Third, we tested whether MAX-1 could interact with UNC-5 in tion is controlled by intracellular signaling events downstream of the guidance receptors. In C. elegans, the yeast two-hybrid assays. We detected interaction be- 
